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Abstract
© 2018 National Academy of Sciences. All  Rights Reserved. Polypedilum vanderplanki is  a
striking and unique example of an insect that can survive almost complete desiccation. Its
genome and a set of dehydration–rehydration transcriptomes, together with the genome of
Polypedilum nubifer (a congeneric desiccation-sensitive midge), were recently released. Here,
using published and newly generated datasets reflecting detailed transcriptome changes during
anhydrobiosis, as well as a developmental series, we show that the TCTAGAA DNA motif, which
closely resembles the binding motif of the Drosophila melanogaster heat shock transcription
activator (Hsf), is significantly enriched in the promoter regions of desiccation-induced genes in
P.  vanderplanki,  such  as  genes  encoding  late  embryogenesis  abundant  (LEA)  proteins,
thioredoxins, or trehalose metabolism-related genes, but not in P. nubifer. Unlike P. nubifer, P.
vanderplanki has double TCTAGAA sites upstream of the Hsf gene itself,  which is probably
responsible for the stronger activation of Hsf in P. vanderplanki during desiccation compared
with P. nubifer. To confirm the role of Hsf in desiccation-induced gene activation, we used the
Pv11 cell line, derived from P. vanderplanki embryo. After preincubation with trehalose, Pv11
cells  can  enter  anhydrobiosis  and  survive  desiccation.  We  showed  that  Hsf  knockdown
suppresses  trehalose-induced  activation  of  multiple  predicted  Hsf  targets  (including  P.
vanderplanki-specific LEA protein genes) and reduces the desiccation survival rate of Pv11 cells
fivefold. Thus, cooption of the heat shock regulatory system has been an important evolutionary
mechanism for adaptation to desiccation in P. vanderplanki.
http://dx.doi.org/10.1073/pnas.1719493115
Keywords
Anhydrobiosis, Desiccation tolerance, Heat shock, Polypedilum vanderplanki, RNA-seq
References
[1] Cornette R, Kikawada T (2011) The induction of anhydrobiosis in the sleeping chironomid: Current status of our
knowledge. IUBMB Life 63:419–429.
[2] Nakahara Y, et al. (2008) Effects of dehydration rate on physiological responses and survival after rehydration
in larvae of the anhydrobiotic chironomid. J Insect Physiol 54:1220–1225.
[3] Sakurai  M, et  al.  (2008) Vitrification is  essential  for  anhydrobiosis  in an African chironomid,  Polypedilum
vanderplanki. Proc Natl Acad Sci USA 105:5093–5098.
[4] Gusev O, et al. (2014) Comparative genome sequencing reveals genomic signature of extreme desiccation
tolerance in the anhydrobiotic midge. Nat Commun 5:4784.
[5] Hatanaka R, et al. (2015) Diversity of the expression profiles of late embryogenesis abundant (LEA) protein
encoding genes in the anhydrobiotic midge Polypedilum vanderplanki. Planta 242:451–459.
[6] Gusev O, et al. (2010) Anhydrobiosis-associated nuclear DNA damage and repair in the sleeping chironomid:
Linkage with radioresistance. PLoS One 5:e14008.
[7] Wang  C,  Grohme  MA,  Mali  B,  Schill  RO,  Frohme  M  (2014)  Towards  decrypting  cryptobiosis—analyzing
anhydrobiosis in the tardigrade Milnesium tardigradum using transcriptome sequencing. PLoS One 9:e92663.
[8] Watanabe K, Imanishi S, Akiduki G, Cornette R, Okuda T (2016) Air-dried cells from the anhydrobiotic insect,
Polypedilum vanderplanki, can survive long term preservation at room temperature and retain proliferation
potential after rehydration. Cryobiology 73:93–98.
[9] Nakahara  Y,  et  al.  (2010)  Cells  from an  anhydrobiotic  chironomid  survive  almost  complete  desiccation.
Cryobiology 60:138–146.
[10] Arbeitman MN,  et  al.  (2002)  Gene expression during the life  cycle  of  Drosophila  melanogaster.  Science
297:2270–2275.
[11] Bailey  TL,  et  al.  (2009)  MEME  SUITE:  Tools  for  motif  discovery  and  searching.  Nucleic  Acids  Res
37:W202–W208.
[12] Zhu LJ,  et  al.  (2011)  FlyFactorSurvey:  A  database of  Drosophila  transcription  factor  binding  specificities
determined using the bacterial one-hybrid system. Nucleic Acids Res 39:D111–D117.
[13] Heinz S, et al. (2010) Simple combinations of lineage-determining transcription factors prime cis-regulatory
elements required for macrophage and B cell identities. Mol Cell 38:576–589.
[14] Perisic O, Xiao H, Lis JT (1989) Stable binding of Drosophila heat shock factor to head-to-head and tail-to-tail
repeats of a conserved 5 bp recognition unit. Cell 59:797–806.
[15] Sogame Y, et al. (2017) Establishment of gene transfer and gene silencing methods in a desiccation-tolerant
cell line, Pv11. Extremophiles 21:65–72.
[16] Brown JB, et al. (2014) Diversity and dynamics of the Drosophila transcriptome. Nature 512:393–399.
[17] Wu C (1995) Heat shock transcription factors: Structure and regulation. Annu Rev Cell Dev Biol 11:441–469.
[18] Wisniewski J, Orosz A, Allada R, Wu C (1996) The C-terminal region of Drosophila heat shock factor (HSF)
contains a constitutively functional transactivation domain. Nucleic Acids Res 24:367–374.
[19] Han SK, Wagner D (2014) Role of chromatin in water stress responses in plants. J Exp Bot 65:2785–2799.
[20] Watanabe M, Kikawada T, Okuda T (2003) Increase of internal ion concentration triggers trehalose synthesis
associated with cryptobiosis in larvae of Polypedilum vanderplanki. J Exp Biol 206:2281–2286.
[21] Hinton HE (1960) Cryptobiosis in the larva of Polypedilum vanderplanki Hint. (Chi-ronomidae). J Insect Physiol
5:286–288.
[22] Mitsumasu K, et al. (2010) Enzymatic control of anhydrobiosis-related accumulation of trehalose in the sleeping
chironomid, Polypedilum vanderplanki. FEBS J 277:4215–4228.
[23] Kikawada T, et al. (2007) Trehalose transporter 1, a facilitated and high-capacity trehalose transporter, allows
exogenous trehalose uptake into cells. Proc Natl Acad Sci USA 104:11585–11590.
[24] Kikawada T, et al. (2006) Dehydration-induced expression of LEA proteins in an anhydrobiotic chironomid.
Biochem Biophys Res Commun 348:56–61.
[25] MacRae TH (2016) Stress tolerance during diapause and quiescence of the brine shrimp, Artemia. Cell Stress
Chaperones 21:9–18.
[26] Reuner A, et al. (2010) Stress response in tardigrades: Differential gene expression of molecular chaperones.
Cell Stress Chaperones 15:423–430.
[27] King AM, Toxopeus J, MacRae TH (2014) Artemin, a diapause-specific chaperone, contributes to the stress
tolerance of Artemia franciscana cysts and influences their release from females. J Exp Biol 217:1719–1724.
[28] Erkut C, et al.  (2013) Molecular strategies of the Caenorhabditis elegans dauer larva to survive extreme
desiccation. PLoS One 8:e82473.
[29] Gusev O, Cornette R, Kikawada T, Okuda T (2011) Expression of heat shock protein-coding genes associated
with anhydrobiosis in an African chironomid Polypedilum vanderplanki. Cell Stress Chaperones 16:81–90.
[30] Welch AZ, Gibney PA, Botstein D, Koshland DE (2013) TOR and RAS pathways regulate desiccation tolerance in
Saccharomyces cerevisiae. Mol Biol Cell 24:115–128.
[31] Ryabova  A,  et  al.  (2017)  Genetic  background  of  enhanced  radioresistance  in  an  anhydrobiotic  insect:
Transcriptional response to ionizing radiations and desiccation. Extremophiles 21:109–120.
[32] Sorger PK (1991) Heat shock factor and the heat shock response. Cell 65:363–366.
[33] Caruccio L, Bae S, Liu AY, Chen KY (1997) The heat-shock transcription factor HSF1 is rapidly activated by
either hyper- or hypo-osmotic stress in mammalian cells. Biochem J 327:341–347.
[34] Benoit JB, Lopez-Martinez G, Elnitsky MA, Lee RE, Jr, Denlinger DL (2009) Dehydration-induced cross tolerance
of Belgica antarctica larvae to cold and heat is facilitated by trehalose accumulation. Comp Biochem Physiol A
Mol Integr Physiol 152:518–523.
[35] Rinehart JP, et al. (2006) Continuous up-regulation of heat shock proteins in larvae, but not adults, of a polar
insect. Proc Natl Acad Sci USA 103:14223–14227.
[36] Naito Y, Yoshimura J, Morishita S, Ui-Tei K (2009) siDirect 2.0: Updated software for designing functional siRNA
with reduced seed-dependent off-target effect. BMC Bioinformatics 10:392.
[37] Kim D, et al. (2013) TopHat2: Accurate alignment of transcriptomes in the presence of insertions, deletions and
gene fusions. Genome Biol 14:R36.
[38] Geer LY, et al. (2010) The NCBI BioSystems database. Nucleic Acids Res 38:D492–D496.
[39] UniProt Consortium (2015) UniProt: A hub for protein information. Nucleic Acids Res 43:D204–D212.
[40] Kent WJ (2002) BLAT—the BLAST-like alignment tool. Genome Res 12:656–664.
[41] Li L, Stoeckert CJ, Jr, Roos DS (2003) OrthoMCL: Identification of ortholog groups for eukaryotic genomes.
Genome Res 13:2178–2189.
[42] Mazin P, et al. (2013) Widespread splicing changes in human brain development and aging. Mol Syst Biol
9:633.
[43] Robinson MD, McCarthy DJ,  Smyth GK (2010) edgeR:  A Bioconductor  package for  differential  expression
analysis of digital gene expression data. Bioinformatics 26: 139–140.
[44] Venables WN, Ripley BD (2002) Modern Applied Statistics with S (Springer, New York), 4th Ed.
[45] R Development Core Team (2008) R: A Language and Environment for Statistical Computing (R Foundation for
Statistical Computing, Vienna).
[46] Mitchell A, et al. (2015) The InterPro protein families database: The classification resource after 15 years.
Nucleic Acids Res 43:D213–D221.
[47] Young MD, Wakefield MJ, Smyth GK, Oshlack A (2010) Gene ontology analysis for RNA-seq: Accounting for
selection bias. Genome Biol 11:R14.
[48] Edgar RC (2004) MUSCLE: A multiple sequence alignment method with reduced time and space complexity.
BMC Bioinformatics 5:113.
